The efficiency of shock wave lithotripsy (SWL), a noninvasive firstline therapy for millions of nephrolithiasis patients, has not improved substantially in the past two decades, especially in regard to stone clearance. Here, we report a new acoustic lens design for a contemporary electromagnetic (EM) shock wave lithotripter, based on recently acquired knowledge of the key lithotripter field characteristics that correlate with efficient and safe SWL. The new lens design addresses concomitantly three fundamental drawbacks in EM lithotripters, namely, narrow focal width, nonidealized pulse profile, and significant misalignment in acoustic focus and cavitation activities with the target stone at high output settings. Key design features and performance of the new lens were evaluated using model calculations and experimental measurements against the original lens under comparable acoustic pulse energy (E + ) of 40 mJ. The −6-dB focal width of the new lens was enhanced from 7.4 to 11 mm at this energy level, and peak pressure (41 MPa) and maximum cavitation activity were both realigned to be within 5 mm of the lithotripter focus. Stone comminution produced by the new lens was either statistically improved or similar to that of the original lens under various in vitro test conditions and was significantly improved in vivo in a swine model (89% vs. 54%, P = 0.01), and tissue injury was minimal using a clinical treatment protocol. The general principle and associated techniques described in this work can be applied to design improvement of all EM lithotripters. electromagnetic lithotripter | lens modification | stone fragmentation
S
ince its inception in the early 1980s, shock wave lithotripsy (SWL) has become the treatment of choice for more than 80% of nephrolithiasis patients because of its noninvasiveness compared with open surgery or other minimally invasive surgical procedures (1) . During this period, the prevalence of kidney stones in the United States has risen significantly from 3.8% in 1980 to 8.8% in 2010 (2, 3) , in parallel with the increase in metabolic syndrome (e.g., obesity and diabetes) of the population (4, 5) . Previous technological improvements in SWL were mainly focused on operator convenience and patient comfort, as exemplified by the use of dry coupling and large source aperture in contemporary lithotripters (6) , except for the introduction of electromagnetic (EM) technology for shock wave generation in the late 1980s (7) . Currently, EM lithotripters have eclipsed electrohydraulic (EH) lithotripters, such as the first-generation Dornier HM3, as the preferred technology in SWL (8) . The main advantages of EM (over EH) lithotripters are their reproducibility in acoustic output, large dynamic range in peak positive pressure (p + ) and acoustic pulse energy, and elimination of consumable parts (i.e., electrodes) during or between treatments. Despite this, there is growing clinical evidence to suggest that contemporary EM lithotripters are less efficient in fragmenting stones than the original HM3 (8, 9) . This unexpected setback has been attributed to two general features of the EM lithotripters, namely, narrow −6-dB focal width (FW), which is defined as full width at half maximum peak pressure, and nonidealized pulse profile (10) . Specifically, most modern EM lithotripters have small FW (4-7 mm) with high p + (up to 100 MPa) compared with large FW (10-12 mm) with low p + (∼40 MPa) of the HM3 (11) . In addition, as a result of current oscillation in the EM coil, a typical acoustic pulse produced by EM lithotripters has a second compressive wave following its primary shock front and tensile tail. This second compressive wave in the lithotripter shock wave (LSW) profile (absent from the HM3) suppresses cavitation activity in the urine surrounding the target stone, which is known to play a critical role in producing fine fragments (12) . Recent studies have demonstrated that stone comminution in SWL is a dynamic fatigue process (13) driven primarily by the local or average positive peak pressure [p +(avg) ] incident on the stone and facilitated by cavitation damage on the stone surface (12, 14, 15) , thus favoring the acoustic field and cavitation characteristics of the HM3. Strong cavitation in renal or perirenal tissues, however, may increase the risk of adverse effects during SWL (16) (17) (18) .
Significance
Electromagnetic (EM) shock wave lithotripters are widely used for noninvasive treatment of kidney stone patients. Here, we report the design of a new acoustic lens to rectify three fundamental drawbacks in contemporary EM lithotripters, based on in situ pulse superposition, leading to significantly improved stone comminution both in vitro and in vivo with minimal tissue injury. The new lens design improves the pressure distribution around the lithotripter focus with better alignment of the peak pressure and cavitation activities with the kidney stones under clinically relevant treatment conditions. The general principle of the new lens design is applicable to different lenses or reflectors and with further optimizations may enhance the performance and safety of contemporary EM lithotripters.
Another major drawback in contemporary lithotripters that has not been addressed is the significant shift in the locations of p + (i.e., acoustic focus) and peak negative pressure (p − ); the latter is associated with strong cavitation activity away from the geometric (or lithotripter) focus where kidney stones are positioned during SWL. In the HM3 (and other EH lithotripters), p + tends to shift postfocally up to 10 mm at high output settings, whereas p − will shift prefocally by about 20 mm (11, (19) (20) (21) (22) . These opposite shifts in p + and p − of EH lithotripters make it difficult to align the target stone concomitantly with the locations of p + and maximum cavitation activity, a scenario that will likely benefit stone comminution while reducing the risk of tissue injury (12, 23) . In contrast, p + and p − in EM lithotripters both shift prefocally with increased output energy, therefore providing an opportunity for better alignment with the target stone for improved treatment efficacy and safety.
In this study, we improve the lens design of a contemporary EM shock wave lithotripter to align its acoustic focus and region of maximum cavitation activity more closely to the target stone at clinically relevant high output settings. Additional features in lens modification that have been demonstrated in our pilot studies (10, 24) are simultaneously pursued to broaden the focal width and suppress the second compressive wave in the LSW profile, thereby overcoming the aforementioned fundamental drawbacks of EM lithotripters. Herein, we present in vitro and in vivo assessments of the efficacy and safety of the new lens design for a contemporary EM lithotripter.
Results
Lens Design. A polystyrene lens is used to focus a plane acoustic wave generated by an EM source. The original lens is in biconcave shape with an ellipsoidal (Fig. 1A ) and a spherical (Fig.  1B) surface situated, respectively, distal and proximal to the EM source. For the new lens, an annular groove of depth h was cut in the spherical surface of the lens (Fig. 1C) , leading to the elimination of the second compressive wave in the LSW profile via in situ pulse superposition and simultaneous broadening of the FW (10, 24) . Optimal suppression of the second compressive wave and FW enlargement can be achieved by adjusting h and the area ratio (AR), defined in Eq. S2, between the uncut and total lens areas. After several prototypes, h = 14 mm and AR = 65% were selected as suitable geometric parameters for the new lens. To produce comparable and clinically relevant acoustic pulse energies in an area surrounding the target stone, the new lens must operate at a higher source voltage (i.e., 16-19 kV) than the one used for the original lens (i.e., 13-16 kV) to compensate for the acoustic energy loss caused by destructive in situ pulse superposition. However, significant prefocal shift in p + will occur at high output voltages owing to nonlinear wave propagation (25, 26) .
To counteract the acoustic focal shift, the geometric focus of the new lens was set, after several trials, at 40 mm upwards from the geometric focus of the original lens, that is, the lithotripter focus (Fig. 1C) . This modification allows the acoustic focus of the new lens to move gradually from 40 mm postfocally to about 5 mm prefocally in the full output voltage range (i.e., 10-19 kV) of the EM source. At low and medium output settings (i.e., 10-16 kV), distal positioning of the acoustic focus relative to the target stone will not increase the risk of tissue injury because of the associated low intensity, broad FW, and low peak pressures of the LSW. In comparison, the acoustic focus of the original lens will move in the same output range from the lithotripter focus to more than 25 mm closer to the source (Fig. 2C) . By aligning the acoustic focus closely with the stone at high output settings, comminution efficiency may improve while the risk of tissue injury may be reduced. Specific modifications of the lens geometry are as follows: the spherical radius (R s ) and ellipsoidal semiminor axis (b e ) were changed from R s = 220 mm and b e = 95.03 mm, respectively, for the original lens to R s = 350 mm and b e = 102.03 mm for the new lens, whereas the ellipsoidal semimajor axis (a e = 111.52 mm) remains unchanged. Details of the lens design modifications are shown in Fig. 1C .
In Vitro Characterization of Lenses. Characterizations of lithotripter focus and field parameters were carried out following standard protocols defined in IEC 61846 (27) . For comparison of lens parameters, acoustic pulse energies were closely matched at the highest source voltage settings between the original lens (14.8 kV) and the new lens (18.1 kV) that did not produce severe adverse effects (i.e., subcapsular hematomas) in animal studies (see the discussion on in vivo experiments). Henceforth, all comparisons between the new and original lenses were made under these high output settings unless otherwise specified. As shown in Table 1 , the new lens has a 22% lower p + and 29% lower peak energy flux density with a 49% broader FW than the original lens. The new lens parameters ( p + = 40 MPa, peak energy flux density = 0.6 mJ/mm 2 , and FW = 11 mm) are similar to those reported for the HM3 (11, 28) . Despite the significant differences in p +, peak energy flux density and FW, the acoustic pulse energies produced by the two lenses are comparable in a circular area of radius R c = 6 mm around the lithotripter focus (SI Materials and Methods and Fig. S1 ). Of interest, acoustic pulse energy associated with the leading compressive wave (E + ) is 8% higher for the new lens, which is within the measurement error (i.e., 10%) of the fiber optic probe hydrophone (FOPH) (29) . Total acoustic pulse energy (E tot ), which encompasses energy contributions from the primary compression (E + ), tension (E − ), and secondary compression (E +2 ), is 12% higher for the original lens. The most notable change in the energy content is that E +2 of the new lens is 85% less than that of the original lens, as a result of destructive in situ pulse superposition.
Representative pressure waveforms in the lithotripter focal plane (z = 0 mm) further demonstrate the significant cancellation of the second compressive wave by in situ pulse superposition ( Fig. 2A) . Pressure waveforms along the lithotripter axis (Fig. 2B) show the progressive evolution in the pulse profile of the two lenses. In particular, both constructive (z = −6 cm) and destructive (z = 0 cm) superposition of the leading LSW and the delayed wave generated by the cut region of the new lens is apparent. As a result of the lens modification, simultaneous lowering of p + and broadening of FW are evident from the peak pressure distribution in two orthogonal directions ( Fig. S2 A and  B) . Proximal shift in p + can be seen with both the original ( Fig.  2C ) and new ( Fig. 2D ) lenses as the source voltage increases. The measured location of peak jp − j is ∼30 mm prefocal with the original lens and ≥60 mm with the new lens, although a minimum in jp − j occurs ∼5 mm prefocally, which corresponds to the location of strongest acoustic cancellation effects from in situ pulse superposition. The general trend in pressure distribution and acoustic focal shift has been confirmed by simulation results from a multiphysics model of shock wave focusing through the original and new lenses (30) . In the case of the original lens, the multiphysics model was used to estimate prefocal shift (∼30 mm) at a high source voltage (18.1 kV) where FOPH measurements became impractical owing to interference from strong prefocal cavitation activity. At the highest source voltage measured (15.8 kV), peak p + was found to be located ∼15 mm prefocally compared with ∼5 mm prefocally at 14.8 kV. Although the acoustic focus will shift prefocally for both lenses in the dynamic range of the shock source (i.e., 10 ∼19 kV), the specific modifications of the new lens ensure that at its highest output setting the acoustic focus will be closely matched (±5 mm) to the lithotripter focus where kidney stones are positioned during clinical SWL. Given a minimum of 5% uncertainty in pressure for both numerical model and FOPH results (29) , the model predicted acoustic focal range of the new lens at 18.1 kV encompasses the lithotripter focus measured by FOPH (Fig. 2D ). In contrast, the significant shift in acoustic focus of the original lens limits the highest voltage (i.e., <16 kV) that can be used safely for treatment of kidney stones.
Cavitation Assessment. Cavitation produced in the lithotripter field was captured by high-speed imaging, from which the bubble distribution probability, measured by cavitation index (CI) (Materials and Methods), and cavitation potential (31), measured by maximum bubble diameter, were quantified. Contour plots of CI for the original ( Fig. 3A) and new ( Fig. 3B ) lenses were generated using the image frame corresponding to maximum bubble expansion (i.e., 250 μs). The maximum bubble lifetime near the lithotripter focus (indicated by "+" in Fig. 3 ) varies in the range of 400 ∼ 450 μs, shown by representative high-speed images of bubble dynamics in a free field (Fig. 3) . For the original lens, the fully developed bubble cloud covers a range from −71 mm < z < −16 mm, with a maximum cavitation index CI o1 = 7.6% observed at z = −52 mm. In comparison, the bubble cloud produced by the new lens spans a significantly greater area (both longitudinally and radially) with two distinct peaks: CI n1 = 6.9% at z = −48 mm and CI n2 = 7.2% at z = +5 mm. Similar to the original lens, the prefocal cavitation peak is produced primarily by the LSW from the uncut section of the new lens that superposes constructively with the delayed pulse in this region. The second peak in cavitation from the new lens is primarily the result of destructive superposition of LSW and delayed pulse, which eliminates the second compressive wave and thus boosts cavitation near the lithotripter focus. In fact, the maximum CI of the new lens at the lithotripter focus (CI = 7.0%) is significantly enhanced from that of the original lens (CI = 2.5%). In the perirenal region (z = −30 mm), bubble density is similar although marginally higher for the new lens (CI = 6.0%) compared with the original lens (CI = 5.6%). In the region typically aligned with patient skin (z = −60 mm) bubble density is comparable between the new lens (CI = 6.7%) and the original lens (CI = 6.6%). In terms of cavitation potential, the maximum bubble diameters measured throughout the lithotripter field are comparable. The representative values for the new and original lenses in different regions are 2.9 and 3.1 mm (−5 mm < z < 5 mm), 4.1 and 3.7 mm (−20 mm < z < −40 mm), and 4.3 and 4.4 mm (−50 mm < z < −70 mm), respectively. Overall, cavitation potentials produced by the two lenses are comparable, yet bubble density produced by the new lens in the lithotripter focal region is higher and covers a broader area, which may benefit stone comminution (12) .
In Vitro Stone Comminution. Under static conditions. Stone comminution was evaluated in vitro under static conditions where a 10-mm spherical BegoStone phantom was treated inside a flatbase tube holder (inner diameter 14 mm) at different positions in the lithotripter focal plane (Fig. 4A) . At the focus (r = 0 mm), comminution efficiencies (<2.0 mm) after 1,000 shocks were 93 ± 4% for the new lens and 93 ± 3% for the original lens (P = 1.00). Comminution at r = 5 mm off-axis was also comparable, with 74 ± 10% for the new lens and 79 ± 9% for the original lens (P = 0.58). However, at r = 10 mm off-axis, stone comminution was statistically higher with 38 ± 9% for the new lens compared with 27 ± 8% for the original lens, with P = 0.02 (Fig. 4B) . Average peak pressure incident on the stone during SWL was calculated as described previously (14), and the results showed that the new lens produces p +(avg) that is >30% higher than the original lens at r = 10 mm. Moreover, comminution efficiency at the beam focus was evaluated using a membrane holder with an inner diameter of 30 mm (Fig. S3A) to account for the effect of fragment spreading during SWL (11) . Under such conditions, comminution efficiency (<2.0 mm) was 73 ± 10% for the new lens compared with 67 ± 8% for the original lens, with P = 0.12. However, when comminution efficiency was evaluated based on the percent of fragments <2.8 mm, the new lens (83 ± 9%) was found to be significantly better than the original lens (74 ± 9%), with P = 0.05 (Fig. S3B) . Although the large diameter of the membrane holder increases substantially the uncertainty in fragment location and thus the exposure conditions during the treatment, the overall results suggest that the new lens produces finer fragments compared with the original lens. It is likely the large focal width with correspondingly high off-axial p +(avg) as well as strong cavitation activity generated by the new lens are all beneficial to comminution under conditions where stones/fragments may spread or drift significantly away from the beam focus.
Under the influence of simulated respiratory motion. The effect of respiratory motion on stone comminution was evaluated in vitro by translating the tube holder following various breath patterns (Fig. 4C) . Using a dose of 1,000 shocks and two clinically relevant excursion distances of D = 5 and 15 mm (32), stone comminution (<2.0 mm) was compared between the original and new lenses (Fig. 4D) . For a shallow breathing pattern (D = 5 mm), stone comminution efficiencies were statistically similar between the new (88 ± 5%) and original (86 ± 4%) lenses, with P = 0.50. At a normal respiratory excursion distance (D = 15 mm), the new lens produced statistically higher comminution efficiency of 82 ± 4% compared with 71 ± 6% for the original lens (P < 0.01). These results are in accordance with the observations from the static stone comminution experiments, indicating again that the new lens has a much larger effective fragmentation area than the original lens within the lithotripter focal plane. Altogether, the new lens performs favorably under treatment conditions similar to those in vivo during SWL (i.e., stone translation owing to respiratory motion and fragments spreading inside the collecting system).
In Vivo Stone Comminution. Comminution efficiencies produced by the new and original lenses were further evaluated in vivo using a swine model. Cylindrical BegoStone phantoms [5 × 10 mm, diameter × length (D × L)] were surgically implanted in both kidneys before SWL (Fig. 5 A and B) . A clinical ramping protocol was used (SI Materials and Methods) to deliver a total of 3,000 shocks at a pulse repetition frequency (PRF) of 1.5 Hz, corresponding to a total accumulated acoustic energy (calculated based on E + ) of ∼112 J for each kidney. Overall, the new lens (12 renal units) produced a comminution efficiency of 72.8 ± 21.4% compared with 63.6 ± 21.8% for the original lens (10 renal units), with P = 0.06. However, when samples incidentally constrained by a double-J stent loop during the entire treatment (i.e., stones were prevented from spreading naturally) or those with abnormally large fragment displacement (i.e., migration to an off-focus calyx) were excluded, comminution efficiency became 88.8 ± 10.9% for the new lens (5 renal units) vs. 54.1 ± 23.3% for the original lens (6 renal units), with P = 0.01 (Fig. 5C ).
Tissue Injury Assessment. Tissue injury was evaluated for the new lens in a pig model following the same clinical treatment protocol used in the stone comminution experiments with a few modifications: No stones were implanted in kidneys, SWL was performed at 1.0 Hz PRF, and only one kidney per pig was treated to avoid the influence of vasoconstriction on SWL-induced tissue injury (33) . Overall, only minor skin lesions were observed at the LSW entrance region. A representative photograph of a swine flank shows a ∼5-mm-wide region of altered skin with surrounding petechial bleedings (Fig. 6A) , which is not atypical from SWL. Following SWL and in situ pressure fixation, the kidneys were harvested (Fig. 6B) . Examinations of the anterior (Fig. 6C ) and posterior ( Fig. 6D ) surfaces of the kidneys did not show any gross hematoma, nor was gross injury observed in other tissues (retro peritoneum, pancreas, spleen, and liver) near the kidney along the LSW blast path. These would all be a grade 0 based on a previously described grading scale for SWL injuries (34) . From histology of the cortical area within the lithotripter beam focus (Fig. 6E ), some subcapsular cell layers seemed to be detached as a result of a subtle degree of discohesion induced by mechanical stresses but did not show any sign of microscopic hemorrhage. Some characteristic microbleeding could be observed in the paramedullary cortex (Fig. 6G ) and in a very small number of medullary tubules (Fig. 6H) , consistent with typical injury from SWL in the deep cortex (35, 36) . With no evidence of severe tissue injury from either microscopic or gross examinations, the new lens is considered safe for SWL at the aforementioned output settings.
Discussion
The goal of this study is to improve the performance of a contemporary EM lithotripter through modifications of lens geometry that can be easily implemented without altering the lithotripter focus and other system components, making this upgrade simple and cost-effective for clinical translation. The new lens design addresses several fundamental drawbacks in contemporary EM lithotripters, namely, the misalignment of p + and region of peak cavitation activity with the lithotripter focus at high output settings, narrow FW, and nonidealized LSW profile. In comparison with the original lens, both in vitro and in vivo results have demonstrated the advantage of the new lens with improved stone comminution and minimal tissue injury at a clinically relevant high output setting. The general principle in lens modification and associated implementation strategy described in this work are also applicable to design improvement of other EM lithotripters equipped with either convex lenses (37) or parabolic reflectors (38) . The design and technical refinements of EM lithotripters from the late 1980s to middle 1990s were largely driven by empirical experience, practical concern for user convenience, and multifunctionality of the lithotripter system (39, 40) . The transition of SWL technology during this period from EH to predominately EM was carried out by lithotripter manufacturers with an incomplete understanding about the mechanisms of tissue injury and stone comminution in SWL (41) . Consequently, clinical experience with the third-generation EM lithotripters, characterized by high p + and small FW, often resulted in low stone comminution efficiency with high retreatment rate compared with the original HM3 (9, 38, 41, 42) . Attempts to boost stone comminution by significantly augmenting the output pressure or energy of the lithotripter have been unsuccessful, which is likely associated with the greater risk of hematoma formation in the perirenal region at high output settings (35) . Because shear stress (43, 44) and cavitation (16) (17) (18) 23) are two primary mechanisms of tissue injury, the significant prefocal shift in p + and strong cavitation activity in the perirenal region of contemporary EM lithotripters will likely limit the range of output pressure or energy that can be safely applied to renal stone treatment in clinical SWL.
The new lens design addresses misalignment of p + and peak cavitation activity with the lithotripter focus at high output settings through in situ pulse superposition and reshaped lens geometry, confirmed by FOPH measurements (Fig. 2D ) and highspeed imaging (Fig. 3B) . In addition, the improved alignment of p + with the target stone using the new lens may help reduce tissue injury in the perirenal region from strong shock-induced shearing (43) , supported by in vivo results under clinically relevant output conditions (Fig. 6) . A second region of maximum cavitation produced by the new lens is located ∼5 cm anterior to the lithotripter focus, similar to that produced by the original lens (Fig. 3) . In patients, this region is typically covered by skin and muscles, which are less susceptible to cavitation damage than perirenal tissues. Furthermore, bubbles produced in the coupling bellow of the lithotripter may be removed by a jetting flow with further modification in lithotripter design (45) .
Despite a significant increase in CI at lithotripter focus (i.e., z = 0 cm), the maximum CI of the new lens does not exceed the corresponding value for the original lens (i.e., CI n2 ≤ CI o1 in Fig.  3 ), suggesting that the new lens is comparatively safe. This observation is further supported by similar measurements of maximum bubble radii produced by the two lenses. Effective acoustic cancellation from superposition of the primary LSW and delayed wave of the new lens occurs around z = 0 cm. A local minimum in peak negative pressure (jp − j) near to the focal region (evident in Fig. 2 B and D) is indicative of strong destructive wave interference. Prefocally (z < 0 cm), the difference in arrival times (Δt) between the LSW and delayed wave to the central axis is sensitive to differences in the travel distance between acoustic rays emanating from the inner and outer lens sections, which result in a larger Δt than at z = 0 cm and apparent constructive interference of waveforms near z = −6 cm (Fig. 2B) . In effect, cavitation activity from the new lens is similar to that of the original lens in this region, because secondary compression of the primary LSW and primary compression of the delayed wave superpose to offset relatively high jp − j. Postfocally (z > 0 cm), the discrepancy in Δt becomes increasingly negligible, and the new lens pulse profile approaches the original lens pulse profile. The merging of LSW and delayed wave in this region may be the result of nonlinear wave interaction. Overall, varying wave interactions in the field produce banded concentrations of cavitation bubbles, similar to other observations from dual-pulse lithotripsy (46, 47) .
In contemporary EM lithotripters, a second compressive wave in the LSW profile counteracts the preceding tensile wave and suppresses bubble growth (10, 24) . The new lens design has corrected this general drawback, leading to a more idealized LSW pulse profile similar to that of the HM3 and stronger cavitation activity in the lithotripter focal plane ( Fig. 2A and Fig.  3 ). Moreover, cavitation activity is substantially wider both longitudinally and radially using the new lens, the latter of which may be beneficial to the erosion of fragments within the focal plane that spread after the initial fracture. The broadening of cavitation activity with the new lens is mirrored by a ∼49% enhancement of its focal width compared with the original lens. These features may work together to improve stone comminution efficiency with the new lens, through synergistic interactions between LSW-induced stress waves and cavitation pitting produced on the stone surface (12, 14, 48, 49) .
Previous studies have shown that lithotripters with narrow FW and high peak pressure are less effective in stone comminution if significant respiratory motion (50) or spreading of residual fragments (11) occurs during SWL. In contrast, lithotripters with broad FW and low peak pressure are effective and safe for SWL (51) (52) (53) . These observations have been corroborated by recent findings that stone comminution in SWL is driven by the average (or local) peak pressure incident on the stone (as opposed to the global peak pressure in the lithotripter field) that exceeds a minimal pressure threshold to initiate fracture (14) . Therefore, for the maximally allowable acoustic energy that can be safely delivered to the kidney, a lithotripter with a broad FW and lower peak pressure will have a larger fragmentation zone in the focal plane than its counterpart with narrow FW and high peak pressure (11, 54) . Results of our in vitro stone comminution experiments at r = 10 mm off-axis and in the membrane holder support this notion (Fig. 4B and Fig. S3B ). Clinically, it is well known that kidney stones can move up to 5 cm during inspiration and expiration breath phases (8) , which can result in 30-40% of shock waves missing the target stone (55, 56) . The benefits of a lithotripter field with broad FW, associated high average peak pressure, and strong cavitation activity are supported by the results of in vitro respiratory motion simulations where for excursions of 15 mm the new lens produced statistically higher stone comminution than the original lens (Fig. 4D) . Furthermore, stone comminution results in vivo have demonstrated that the new lens is more effective than the original lens in an environment that simultaneously allows for stone movement from respiration and spreading (Fig. 5C ). The extent of swine respiration under general anesthesia, estimated from fluoroscopic imaging, resembles more closely a shallow excursion (e.g., D = 5 mm) than normal human respiration (e.g., D = 15 mm), which suggests the possibility of further improvements in human trials using the new lens.
Altogether, the new acoustic lens design described in this work has addressed several fundamental drawbacks characteristic of contemporary EM shock wave lithotripters. By eliminating the second compressive wave through in situ pulse superposition, a stronger, wider, and more uniformly distributed cavitation field is produced near the target stone. By reshaping the lens surfaces, the location of p + and peak cavitation activity at high source voltages is corrected from the prefocal perirenal and subcapsular region of the kidney to the lithotripter focus. Finally, by reducing the aperture of the primary LSW, the focal zone is broadened, resulting in significantly improved in vitro and in vivo stone comminution efficiency and minimal tissue injury at a clinically relevant high output setting. Further optimization of the new lens design may be carried out to decrease cavitation potential at the skin surface to ensure effective transmission of the LSW from the source into the patient. Alternatively, the new lens can be used at low to medium energy settings to reduce discomfort to the patient. With these encouraging preliminary results, future patient studies are warranted to determine the performance and safety of the new lens design in clinical trials.
Materials and Methods
Lens Design and Fabrication. The geometry of the original lens of a Siemens EM shock wave lithotripter (Modularis; Siemens) was modified to produce the new lens. First, an annular groove of depth h = 14 mm and AR = 65% was cut into the spherical surface (i.e., the side that is proximal to the source) of the lens near its periphery (SI Materials and Methods and Fig. 1C ). This modification is adapted from a pilot study on in situ pulse superposition using an EM shock wave lithotripter for simultaneous FW enhancement and pulse profile alteration (10) . The second and third geometric modifications to the acoustic lens pertain to acoustic focal shift along the central lithotripter axis. Both the spherical radius (R s = 350 mm) and ellipsoidal semiminor axis (b e = 102.03 mm) were enhanced from the original lens configuration (R s = 220 mm and b e = 95.03 mm) to produce a longer geometric focal length in the new lens design. The semimajor axis (a e = 111.52 mm) was consistent between the two lenses. To estimate the acoustic focusing distance of the new lens at various source voltages, a multiphysics computational model of wave propagation for EM shock wave lithotripters was used (see SI Materials and Methods for further details and Fig. 2 C and D for representative computational results) (30) . After determination of critical geometric parameters from pilot experiments and modeling, the new lens was machined from a 6-inch-diameter solid cylinder of Rexolite 1422 cross-linked polystyrene (SI Materials and Methods). The new lens was subsequently inserted into a standard Modularis housing unit for in vitro and in vivo testing.
In Vitro Characterization of Lenses. Details of the in vitro lithotripter characterization procedures using a FOPH (FOPH 500; RP Acoustics) have been described previously (14) . Hydrophone data postprocessing to determine relevant lithotripter parameters such as −6 dB FW (i.e., full width at half maximum peak pressure) and E + followed the IEC 61846 protocol for lithotripter field characterization (27) , described in short in SI Materials and Methods. Manufacturer-specified uncertainty in calibrated and postprocessed FOPH measurements is ∼5% in pressure and ∼10% in energy.
Cavitation Assessment. In vitro cavitation produced in the lithotripter field was captured by shadowgraph imaging using a Phantom 7.3 high-speed camera (Vision Research) at a framing rate of 20,000 frames per second with 10-μs exposure time. Bubble dynamics were recorded in a region of interest (ROI) centered around the lithotripter axis that spans from the skin entrance to postkidney (−110 mm < z < 40 mm) with a radius about 25 mm. To ensure comparable water quality during the experiments, two identical shock sources equipped with either the original or new lens were mounted side by side at the bottom of the Lucite tank and used alternately so that all of the measurements could be done within 30 min. Cavitation produced by either source in free field was recorded during 30 consecutive lithotripter pulses using a slow PRF of 0.05 Hz to provide sufficient interpulse time for residual bubble remnants to dissolve in water before the arrival of the next LSW (46, 57) . Using this strategy, combined with carefully regulated water temperature and dissolved gas concentration in the tank, the interaction between individual bubbles was minimized. The image sequences were analyzed offline using a custom program written in MATLAB. The results from 30 experimental runs were superimposed, from which the average projected area of cavitation bubbles in the ROI during the maximum bubble expansion, referred to here as CI, was calculated following methods described previously (58, 59 ).
Stone Comminution. The following applies to all in vitro and in vivo stone comminution experiments. The original lens was operated at a source voltage of 14.8 kV, compared with 18.1 kV with the new lens. The large dynamic range of the Modularis lithotripter (up to 19.3 kV) accommodates the increase in source voltage, which is necessary to equilibrate acoustic pulse energies delivered to the lithotripter focus within a radius of 6 mm by the two lenses. Comparable acoustic energies (E + ≈ 40 mJ) were used for each lens during stone comminution experiments (Table 1) because it has been shown that stone comminution efficiency correlates closely with the pulse or accumulated acoustic energy in SWL (51, 60, 61) . BegoStone phantoms used during comminution experiments were fabricated with a 5:1 powder-towater mixing ratio following a previously described protocol to mimic the physical properties of hard kidney stones such as calcium oxalate monohydrate and brushite stones (62) . After SWL treatment, fragments were collected, carefully rinsed, air-dried for at least 24 h, sieved sequentially with standardized mesh sizes of 4, 2.8, and 2 mm, and weighed. Comminution efficiency was determined by the percent in weight of fragments less 2 mm (unless otherwise specified) normalized by the pretreatment weight of the stone. The results are presented as mean ± SD. For statistical analysis, a twotailed Student t test was used.
In Vitro Stone Comminution. A 3D positioning system (VXM-2 step motors with BiSlide-M02 lead screws;Velmex) was used for precise alignment of two stone holders used for in vitro comminution tests, facilitated by a mechanical pointer that coincides with the lithotripter focus (Fig. 4A) . In all of the experiments, precise stone alignment was performed and 1,000 shocks were delivered at a PRF of 1.0 Hz. To assess stone comminution at different lithotripter field positions, 10-mm spherical BegoStone samples were treated in a flat-base tube holder (inner diameter 14 mm) in the lithotripter focal plane either on the z axis (r = 0 mm) or at two off-axis positions (r = 5 and 10 mm). At least four samples were treated at each position, and for off-axis positions multiple treatments were carried out in four quadrants to minimize potential bias in holder misalignment (14) . To account for the effect of fragment spreading, additional experiments were repeated at the lithotripter focus using a pressure-release membrane holder with an inner diameter of 30 mm (SI Materials and Methods and Fig. S3 A and B) . The in vitro setup was further used to assess the effect of respiratory motion on stone comminution following a protocol described in SI Materials and Methods (54, 63) .
In Vivo Stone Comminution. The Institutional Animal Care and Use Committee of Duke University approved all in vivo study protocols for stone comminution and tissue injury assessment. The procedure for stone comminution using cylindrical BegoStone phantoms (D × L = 5 × 10 mm) has been described previously and can be found in detail in SI Materials and Methods (24) . For comparison of in vivo comminution rates between the two lenses, a twotailed Student t test was used after excluding outliers with an interquartile range of 1. A subgroup analysis was performed considering experimental biases as described in Results and SI Materials and Methods.
Tissue Injury Assessment. For tissue injury assessment, six female farm pigs (∼50 kg) were used to demonstrate the safety of the new lens at a clinically relevant, high-output setting (i.e., 18.1 kV). Only a single (left) kidney was treated in each pig to avoid the uncertain influence of SWL-induced vasoconstriction on the degree and severity of tissue injury in the contralateral kidney (33) . Three thousand shock waves were applied at a PRF of 1.0 Hz using an otherwise identical SWL treatment protocol used for in vivo stone comminution experiments. The pigs were killed within 2 h of completion of SWL. The kidneys were cannulated and perfused in situ with saline followed by 10% neutral buffered formalin, then removed en bloc. The harvested and perfusion-fixed kidneys were immersed in 10% neutral buffered formalin and further fixed for at least 7 d before postprocessing as described in SI Materials and Methods (24) .
In histological analysis, the pathologist examined the original slides microscopically and correlated the location of all findings with the virtual whole mount images. Microscopic examination included the entire SWL target site for each kidney, all adjacent areas showing evidence of injury, and representative areas of unaffected tissue. Particular attention was directed to the presence of tissue necrosis, hemorrhage, evidence of cell injury (including ballooning, vacuolation, and cell dropout), and mechanical tissue injury (including tearing of blood vessels or liquefaction of adipose tissue; Fig. 6 ).
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